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We have grown spiral carbon nanofibers containing Pd metal clusters using the Pd2(dba)3
catalyzed decomposition of gaseous acetylene on molecular sieves (AlPO4-5) support.  The 
microstructure and composition of the spiral carbon nanofibers were examined by the powder 
x-ray diffractometer and transmission electron microscope.  The conductivity of the mat in the 
temperature range from 14 to 250 K could be described by the form of exp[-(T-1/4)].  The 
thermopower shows a remarkably linear behavior down to 40 K, reminiscent of some 
conducting polymers.  The sign change of the thermopower suggests there exists more than one 
type of charge carrier, which could be ascribed to the different types of nanotube with various 
sizes of radius.  The transport behavior of spiral carbon nanofibers containing Pd metal clusters 
will be discussed in the framework of the heterogeneous model. 
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1. Introduction 
There have been extensive interests in the structure and morphology of carbon nanofibers 
prepared by the catalytic decomposition of gaseous hydrocarbon using various transition metals 
such as iron, cobalt, nickel, and some of their alloys [1-3].   These catalysts have been 
employed to engineer the conformation and crystalline perfection of carbon fibers and tubular 
structures of nano-sized dimensions [4].  These nanofibers were generally whisker-like tubular 
structures with diameters controlled by the size of the small metal particles.  In addition to the 
straight tubes, several intricate shapes and structures including helices, cones, tori, and rings 
have been identified [5-7].  At a higher structural level, strong inter-tube van der Waals (vdW) 
attraction can generate at least two kinds of self-assembled nanotubes: firstly, nanotubes can 
bunch together and lead to the rope formation [6]; secondly, upon ultrasonic irradiation, the 
nanotubes may be self-folded into ring configurations [8] and stabilized by the vdW attraction.  
However, very few observations of the self-organization among helically coiled nanotubes have 
been reported.   
Based on the detailed plane-wave ab initio pseudopotentail local density function 
calculations, the electronic structure is sensitive to the diameter and chirality of the nanotubes, 
and hence the transport properties of the tubes could be drastically changed [9].  The small 
radius cabon nanotubes could obtain metallicity due to the * - * hybridization effects.  
Among the transport properties, the thermoelectric power (TEP) is known to be a sensitive 
probe of the energy dependence of the charge carrier relaxation processes and topology of the 
Fermi surface.   TEP measurements have been used to characterize both the single-walled 
carbon nanotubes and the multi-walled carbon nanotubules bundles which contain no Pd 
clusters and almost certainly have very few spiral nanotues [10,11].  We have recently prepared 
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new material of spiral carbon nanofibers containing Pd metal clusters, it would therefore be 
interesting to characterize this new material using TEP measurements.  In this work, we report 
the preparation, TEM observations, electrical resistivity, and TEP measurements of the spiral 
carbon nanofibers containing Pd metal clusters.  We find that the temperature dependence of 
the conductivity between 14 and 250 K could be described by the variable-range-hopping 
process, namely, the Mott's T-1/4-law.  The thermopower exhibits a remarkably linear behavior 
down to 40 K, reminiscent of some conducting polymers.  Together with the observation of the 
microstructure of the sample, the transport behavior seems to indicate the sample containing 
spiral nanofibers having different pitches and radius can be explained in the scenario of the 
heterogeneous model [12]. 
2. Experiment 
 
The synthesis of the spiral carbon nanofibers containing Pd metal clusters is briefly 
described as follows.  The preparation of the sample is described as follows.  The carbon 
nanofibers were synthesized using the AlPO4-5 (Strem) supported Pd2(dba)3 (Aldrich) catalyst, 
which was prepared by the impregnation method.  Pd2(dba)3 fine powder of 0.1g was dissolved 
in 10 ml distilled water and stirred for 10 min. at 70°C.  One gram of microporous AlPO4-5 
was then slowly added into the solution and stirred for 1 h.  The mixture was ground to fine 
purple-gray powder (100 mesh) and drying in an oven at 115°C for 10 h.  The resulting catalyst 
was heated to 200°C in air and then rinsed at 200°C for 3 h.  The gas mixture (N2 = 100 ml 
min-1 and C2H2 = 10 ml min-1) was introduced for about 10 min before the sample was brought 
to 700°C, and the reaction was allowed to proceed at 700°C for another 1.5 h, followed by 
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furnace cooling for 15 h.  The reaction product was then collected as fine black powders.  It is 
noted that the synthesis of spiral carbon nanofibers is very sensitive to the reaction temperature. 
Only within a narrow temperature range of 700°C have the spiral structures been observed by 
the current method of preparation. No spiral nanofiber was observed at 650°C; and at 750°C, 
very few spiral nanotubes were observed by TEM.  
The powder x-ray diffraction (XRD) patterns were obtained by using a powder X-ray 
diffractometer equipped with the Cu K radiation.  The microstructure of the carbon nanofibers 
was observed using TEM (Hitachi H-7100, 120 kV) after sonicating the samples in ethanol for 
1 h and dispersing a drop of solution over holey carbon grids.  The as-prepared powders were 
cold-pressed with pressure about 8.5×104 N/cm2 and made into parallelepiped pellets without 
further heat treatments, which results in a density of 0.11g/cm3. The temperature dependence 
of dc electrical resistivity was measured using standard four-probe techniques in the 
temperature range of 10 - 300 K.  Silver paste was applied to make the electrical contacts.  The 
magnetoresistance measurements were carried out with the applied field parallel to the applied 
current.  TEP was measured between 10 and 300 K using an Oxford closed cycle cooler 
cryostat.  A Cernox sensor was used to monitor the ambient temperature of the sample.  TEP 
data were only collected after the system reached a steady state, which was monitored by a 
user-written program.  The temperature gradient across the sample was monitored using two 
type E thermocouples connected in a differential mode.   Temperature gradients were typically 
between 0.5 and 1 K.  The TEP of the sample was obtained by subtracting the TEP of Cu 
Seebeck probes. 
 
3. Results 
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As shown in Fig. 1, the XRD pattern shows the peak broadening of carbon at 2 = 26°
and 44°, clearly indicating the small particle size effect of the carbon nanofibers.  Several low-
indexed Pd peaks also show peak broadening, suggesting the presence of Pd cluster in the 
nanofibers. Besides the irregularly curved carbon nanotubes, the TEM image shown in Fig. 2 
clearly displays three major types of spiral structure of the carbon nanofibers, which are 
distinguished according to their pitch (p) to diameter (2r) ratio, or equivalently, the pitch angle 
of the helix, )2/arctan( rp  = [13].  The pitch for each type of nanofiber is not easy to 
quantify, nevertheless, the diameter of the three types of nanofibers are estimated to be 135 nm, 
80 nm and 43 nm, respectively.  Since the low pitch-angle nanofibers appear to have larger 
vdW adhesive energy due to large contact area among different strands, it is proposed here that 
the vdW adhesive energy is the major factor for the stability of the spiral structure of the carbon 
nanofibers.  Fig. 3 shows the result of energy-dispersive x-ray (EDX) analyses on the 
rectangular areas indicated in Fig. 3 and provides evidence that the black spots inside the 
carbon nanofibers are palladium metal clusters.  This observation strongly supports the 
successful incorporation of Pd metal cluster inside the carbon nanofibers in our synthetic 
processes.   
Fig. 4 shows the temperature dependence of resistivity of the mat down to 10 K in zero 
field and H = 5000 Oe for our sample.  Conduction will clearly take place along the connected 
spiral nanotubes fibers as shown in Fig. 2.  Although the magnitude of resistance is greatly 
affected by the number of fibers per unit area of cross-section in the sample, the temperature 
and magnetic field dependence are characteristic of the conduction process along the connected 
fibers and indicate the conduction mechanisms [14].  Since the density of 0.11g/cm3 in our 
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sample is considerably less than the density 2.26g/cm3 of graphite, it confirms that we have a 
porous network of spiral carbon fibers.  Note that the plotted resistivity in Fig. 4 is that of the 
sample as a whole and not the magnitude of the intrinsic resistivity of individual fibers.  It is 
clear that the temperature dependence of resistivity is of nonmetallic type over the whole 
investigated temperature range.  The high resistivity and its relatively small increase with 
decreasing temperature are indicative of a disordered conductor.  In Fig. 5, we plot lnK versus 
T-1/4 on a semilog scale between 10 and 250 K from the resistivity data given in Fig. 4.  The 
good fit of lnK to T-1/4 in the range of 14 – 250 K might suggest a variable-range hopping 
(VRH) process dominating the transport.  The fits to the T-1/3 and T-1/2 laws are not as linear as 
the fits to T-1/4. However, a deviation from Mott's T-1/4- law tends to develop below 	14 K.  
Fig. 6 shows the field dependence of the MR ratio, defined as [ 
 (H)- 
 (0)]/ 
 (0), up to 
5000 Oe at various temperatures.  The MR ratio lies in the range of –3 to +3 % for H = 1000 - 
5000 Oe.  At H = 1000 Oe, the MR ratio is positive, whereas for H >1000 Oe the MR ratio is 
negative (except at T = 300K).  Between T = 30 and 190 K, the magnitude of MR increases 
gradually with increasing temperature (not shown). It is clearly seen that the MR at all 
temperatures shows an upturn at 2000 Oe.  For a localized system with variable-range hopping 
transport, destruction of the phase coherence between different hopping paths in a magnetic 
field could lead to negative magnetoresistance [15].  
Fig. 7 shows th  temperature dependence of TEP in zero field for the carbon nanofibers 
containing Pd metal cluster.  Thermopower is an intrinsic property of materials that is not 
greatly affected by sample directions, alignment of fibers or even by thin barriers in conducting 
fibers [14]. The features of our TEP data are described as follows.  The temperature 
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dependence of TEP in zero field shows a remarkably linear behavior for T > 40 K followed by 
a rapid increase in absolute value for T < 40 K.  The TEP also exhibits a sign crossover at 225 
K, suggesting there is more than one type of charge carrier existing in the system.  Note that the 
room-temperature thermopower of single-walled carbon nanotubes network (without Pd 
clusters or spiral nanotubes) was found to be quite large (in the range of 20-60 µ V/K) as 
compared to our sample and remained positive down to 4.2 K [10,11,16].  The smaller absolute 
value of measured TEP and sign crossover in our sample suggest compensation of electrons 
and holes involved in transport. 
 
4. Discussion 
 
According to the band structure calculations, it has been shown that the electronic 
property of graphite nanotubules could be a good metal or a semiconductor with various energy 
gaps due to the variation of diameter and the degree of helical arrangement in the geometrical 
structure [17-19].  For semiconducting microtubules with larger radius, a larger energy gap is 
predicted.  From Fig. 2, the TEM image shows that there are at least 3 types of spiral structure 
having different diameters and pitches in our carbon nanofibers containing Pd clusters.  The 
arrangement of different types of spiral structures in the sample is somewhat similar to a 
random resistor network system.  The microstructure could be considered as a cluster 
composed of different types of spiral nanofibers.  Apparently, the conduction path is not a 
single channel with one type of connection between nanofibers.  Instead, it is more of a 
network of resistors.  Some of the nanofibers are linked to each other with either one 
connection or multiple connections.  Some of them have one end linked to other nanofibers and 
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no connection at the other end, resembling a dangling "bond" where the current path is blocked 
[20].   
In variable-range-hopping transport, the conductivity would follow the Mott's law, 
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where 0 is weakly temperature dependent but barely affects the value of the index v, and T0 is 
associated with localization length.  For a 3-dimensional system, the index v is 1/4, provided 
the density of states near EF is constant. 
 The nonmetallic temperature dependence of electrical resistivity could arise from the 
fact that three types of nanofibers coexist but possess different resistivities.  In describing the 
conduction process of such a network of resistors, one might make use of the heterogeneous 
model.  In a heterogeneous model, the total electrical resistivity QT is given by [21] 
 
i
i
i
i
T L
A
R=
 , (2) 
 
where Li is the fraction of sample length for the materials with electrical resistance Ri, and Ai
the corresponding fraction of sample cross-section area.  The total electrical resistivity is then 
dominated by the more resistive inter-fibril contact barriers, which might account for the 
nonmetallic temperature-dependent behavior in our sample.   Furthermore, the good fit of 
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Mott's T-1/4-law seems to support the view that our sample resistance is dominated by variable-
range hopping. 
We now turn to the TEP data given in Fig. 7.  The temperature dependence of 
thermopower with temperatures above 40 K for our material is close to metallic diffusion 
thermopower.  This situation seems not to reconcile with the nonmetallic behavior in the 
temperature dependence of electrical resistivity.  In fact, this behavior is reminiscent of the 
organic conducting polymers (polyaniline and plypyrrole) and polyaniline blends [22-24].  The 
metallic diffusion thermopower behavior may result from the fact that the inter-fibril contact 
barriers have little contribution to thermopower but do have effects on the electrical resistivity. 
According to Kohler's formula, the diffusion thermopower SD for a conductor made of i
elements in series can be expressed as  
 


=
i
i
ii
i
D W
WS
S , (3) 
where Si is the partial thermopower of the ith element and Wi the thermal resistance.  The inter-
fibril contact barriers make our material show nonmetallic behavior in the temperature 
dependence of the electrical resistivity, but the small weighting factor of thermal resistivity due 
to the inter-fibril contact barriers would not affect the metallic diffusion thermopower behavior.  
Furthermore, a sign crossover of thermopower occurs at T = 225 K.  This result suggests that 
there exists more than one type of carrier in our sample.  The sign crossover may arise from the 
three types of carbon nanofibers containing Pd metal cluster observed in the TEM image 
having opposite sign of carriers.  The magnitude of thermopower increases dramatically from –
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2.53 µ V/K at 40 K to –12.9 µ V/K at 15 K.  The characteristic thermopower for a 
semiconductor with an energy gap is increasing in absolute value with decreasing temperature.  
The slope change in the temperature dependence of thermopower indicates the dominating 
transport at T < 40 K switches to a different mechanism.  This region corresponds to strongly 
increasing resistivity. 
For a disordered system with variable-range-hopping transport between localized states, 
the TEP should follow the form [25] 
 
1
1
)( +

 d
d
TTS , (4) 
 
where d is the dimensionality of the system.  The TEP should follow the form of of T1/2 for 3D, 
and of T1/3 for 2D.  As seen in Eq. (4), the TEP would decrease with decreasing temperature 
and tends to zero as the temperature approaches zero because of the energy collapsing of 
carriers.  However, this is not the case shown in Fig. 7.  When compared with the experimental 
data in general, the T1/2 law is not well supported although the TEP of nonsuperconducting 
La1.8Sr0.2CaCu2O6- without hot-isostatic-press annealing [26] is nicely fitted to T1/2 law and 
some of the conducting polymers could fit to a linear T plus T1/2 term (S = XT + CT1/2) [27].  
The linear behavior of TEP for T > 40 K could be attributed to the hole carriers of metallic 
nanotubes; the diverging behavior of TEP below 40 K suggests a change to dominant 
semiconductor behavior. 
 
5. Conclusions 
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We have measured the transport properties of spiral carbon nanofibers containing Pd metal 
clusters grown by the Pd2(dba)3-catalyzed decomposition of gaseous acetylene on 
molecular sieves (AlPO4-5) support.  The XRD pattern and the TEM image show that the 
sample is carbon nanofibers containing Pd metal clusters.  In combination with the 
observation of the microstructure of the sample, the transport behavior seems to indicate 
the sample consisting of spiral nanofibers having different pitches and radius can be 
explained in the scenario of the heterogeneous model. 
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Figures Captions 
 
FIG. 1. The X-ray diffraction pattern of carbon nanofibers containing Pd metal clusters. 
FIG. 2. A TEM image showing three types of carbon nanofibers containing Pd metal 
clusters, labeled by A, B, and C, respectively.  The square indicates the presence of 
the Pd metal cluster, evidenced by the energy-dispersive x-ray analyses. 
FIG.3. The energy-dispersive x-ray analysis of the rectangular areas indicated in Fig. 2, 
showing the presence of Pd metal clusters in spiral carbon nanofibers.  The peak of 
Cu is due to the Cu grids used in the analysis. 
FIG. 4. The temperature dependence of electrical resistivity in zero field and H = 5000 G 
for carbon nanofibers containing Pd metal clusters. 
FIG. 5. The conductivity ln(K) at 9.8 X T X 250.2 K replotted against T-1/4 for carbon 
nanofibers containing Pd metal clusters; the good fit of lnK to T-1/4 in the range of 
14 – 250 K suggest a variable-range hopping process for carriers percolating in a 
scattering medium consisting of randomly distributed scattering centers.  R is the 
correlation coefficient. 
FIG. 6. The field dependence of MR ratio for the carbon nanofibers containing Pd metal 
clusters.  At H = 1000 Oe, the MR ratio is positive, whereas for H >1000 Oe the 
MR ratio is negative (except at T = 300K).  The solid line is a guide for the eyes. 
FIG. 7.  The temperature dependence of the TEP for the carbon nanofibers containing Pd 
metal clusters shows a remarkably linear behavior down to 40 K, reminiscent of 
some organic conducting polymers and blends. 
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FIG. 1. The X-ray diffraction pattern of carbon nanofibers containing Pd metal clusters. 
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FIG. 2. A TEM image showing three types of carbon nanofibers containing Pd metal 
clusters, labeled by A, B, and C, respectively.  The square indicates the presence of 
the Pd metal cluster, evidenced by the energy-dispersive x-ray analyses. 
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FIG.3. The energy-dispersive x-ray analysis of the rectangular areas indicated in Fig. 2, 
showing the presence of  Pd metal clusters in spiral carbon nanofibers.  The peak of 
Cu is due to the Cu grids used in the analysis. 
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FIG. 4. The temperature dependence of electrical resistivity in zero field and H = 5000 G 
for carbon nanofibers containing Pd metal clusters. 
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FIG. 5. The conductivity ln(K) at 9.8 X T X 250.2 K replotted against T-1/4 for carbon 
nanofibers containing Pd metal clusters; the good fit of lnK to T-1/4 in the range of 
14 – 250 K suggest a variable-range hopping process for carriers percolating in a 
scattering medium consisting of randomly distributed scattering centers.  R is the 
correlation coefficient. 
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FIG. 6. The field dependence of MR ratio for the carbon nanofibers containing Pd metal 
clusters.  At H = 1000 Oe, the MR ratio is positive, whereas for H >1000 Oe the 
MR ratio is negative (except at T = 300K).  The solid line is a guide for the eyes. 
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FIG. 7.  The temperature dependence of the TEP for the carbon nanofibers containing Pd 
metal clusters shows a remarkably linear behavior down to 40 K, reminiscent of some 
organic conducting polymers and blends. 
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